High resolution total kinetic energy release ͑TKER͒ spectra of the H atom fragments resulting from photodissociation of jet-cooled adenine molecules at 17 wavelengths in the range 280Ͼ phot Ͼ 214 nm are reported. TKER spectra obtained at phot Ͼ 233 nm display broad, isotropic profiles that peak at low TKER ͑ϳ1800 cm −1 ͒ and are largely insensitive to the choice of excitation wavelength. The bulk of these products is attributed to unintended multiphoton dissociation processes. TKER spectra recorded at phot ഛ 233 nm display additional fast structure, which is attributed to N 9 -H bond fission on the 1 * potential energy surface ͑PES͒. Analysis of the kinetic energies and recoil anisotropies of the H atoms responsible for the fast structure suggests excitation to two 1 * excited states ͑the 1 L a and 1 B b states͒ at phot ϳ 230 nm, both of which dissociate to yield H atoms together with ground state adeninyl fragments by radiationless transfer through conical intersections with the 1 * PES. Parallels with the photochemistry exhibited by other, smaller heteroaromatics ͑pyrrole, imidazole, phenol, etc.͒ are highlighted, as are inconsistencies between the present conclusions and those reached in two other recent studies of excited state adenine molecules.
INTRODUCTION
The photophysics of DNA bases is attracting much interest among both the theoretical and experimental reaction dynamics communities. 1, 2 The stability of nucleobases under ultraviolet ͑UV͒ photoexcitation is extremely important, as are the energy disposal mechanisms triggered by UV irradiation. It has been suggested 2 that having such photostable molecules as the basis of the genetic code was critical to early life on Earth, which may have existed under much fiercer UV irradiation than we currently experience.
Adenine and guanine are nucleobases derived from the purine moiety, a substituted indole in which the CH groups at the 1, 3 and 7 positions have been replaced by N atoms. Adenine ͑6-aminopurine, shown as an inset in Fig. 1͒ has no fewer than 12 tautomers; 4 amine structures with a N-H bond at the N 1 , N 3 , N 7 , or N 9 positions, and 8 imine structures-all of which are significantly less stable [3] [4] [5] [6] [7] than the N 9 -H amine tautomer which is the lowest energy configuration on the global multidimensional potential energy surface ͑PES͒. 6, 7 Room temperature spectra of adenine are likely to include contributions from several of these tautomeric forms. 9-methyladenine ͑9-MA͒ is often studied as an analog of adenine; methyl substitution precludes N 9 ↔ N 7 /N 3 /N 1 tautomerism, thereby offering a route to simplify the room temperature spectrum.
Adenine is often considered as having a planar ͑C s ͒ symmetry, though ab initio studies 8 show that the NH 2 group is, in fact, pyramidal ͑as in ammonia͒. Adenine is thus technically a member of the C 1 point group. The UV absorption spectrum of adenine vapor is bimodal, 9 with maxima at ϳ250 and ϳ207 nm. Solution spectra are similar, 10 though both bands exhibit solvatochromic redshifts, suggesting that they arise from * ← rather than * ← n excitations. High level ab initio calculations [11] [12] [13] [14] predict a number of 1 * excited states lying at energies corresponding to the regions of strong absorption, together with several 1 n * states and ͑at higher vertical excitation energies͒ 1 * states. Transitions to the 1 n * and 1 * states are predicted to have much smaller oscillator strengths than those for the 1 * excitations. For orientation and future reference, Fig. 1 shows sections through several of the lower lying singlet PESs, guided by a combination of recent and current ab initio and experimental data.
The literature contains a number of interpretations of the bimodal UV absorption of adenine and of the photophysics induced by UV photoexcitation. Four or five 1 * excitations may contribute to absorption in the 200-300 nm region. Clark 15 reported single crystal polarized reflection spectra of 9-MA and 6-methylaminopurine, the analysis of which suggested that two overlapping singlet * ← transitions contribute to the longer wavelength band of the adenine chromophore. 1 + 1 resonance enhanced multiphoton ionization ͑REMPI͒ and laser induced fluorescence excitation spectroscopy 16 studies of jet-cooled adenine show resolved vibronic structure at the red end of the UV absorption. Assignment is complicated by the large number of low energy vibrational modes and by mixing between the closely spaced excited electronic states. Deuteration experiments 17 and dispersed fluorescence studies 18 suggest that the 1 L b ͑ * ← ͒ origin is at 36 105 cm −1 and have enabled identification of some vibronic structure at higher energy-assignments for which have been offered 19 on the basis of calculated excited state frequencies. 20 However, the fluorescence lifetime at the 1 L b origin is only ϳ9 ps, 21 and this reduces further with increasing excitation energy-to the extent that the 1 + 1 23 that gain intensity through vibronic interaction with the strongly allowed 1 * states. IR-UV double resonance hole burning spectra 24 indicate that adenine exists almost exclusively as the N 9 -H amine in a cold molecular beam, displaying just one weak feature attributable to the N 7 -H amine ͑at 35 824 cm −1 ͒ and no evidence of the imine tautomers. Several excited state decay pathways have been suggested on the basis of various ab initio studies and timeresolved pump-probe experiments. The close lying 1 * , 1 n * , and 1 * PESs appear independent of one another in the one-dimensional cuts shown in Fig. 1 Zierhut et al. 43 reported Doppler resolved line shapes of H atoms resulting from photolysis of adenine ͑and 9-MA͒ at 266 and 239.5 nm. H atoms formed at the longer excitation wavelength show an isotropic recoil velocity distribution, peaking at low velocities, consistent with an initial * ← excitation and fragmentation after internal conversion to, and extensive intramolecular vibrational energy redistribution ͑IVR͒ on, the ground state PES. Hunig et al. 44 reported a similar H atom recoil velocity distribution following adenine photolysis at 243.1 nm. Comparison with 9-MA suggested that N 9 -H bond fission was responsible for most, but not all, of the H atoms observed at these wavelengths. In marked contrast, the H atom Doppler profile reported following 239.5 nm excitation of adenine is consistent with a fast, narrow H atom velocity distribution, concentrated in the plane perpendicular to the vector of the photolysis laser radiation. 43 Such a velocity distribution would imply prompt dissociation from a short lived excited state-somewhat reminiscent of that observed in the photodissociation of phenol following * ← excitation and efficient coupling through a CI linking the 1 * and 1 * PESs. 41 Zierhut et al. 43 proposed such a 1 * / 1 * CI, in the N 9 -H coordinate, to explain their 239.5 nm data.
Given the wealth of recent ab initio studies and the range of ͑often mutually contradictory͒ experimental data, it was opportune to see whether new insights into the primary pho- tochemistry of adenine could be gleaned using H ͑Rydberg͒ atom photofragment translational spectroscopy ͑PTS͒. Here we report systematic studies of the kinetic energies and recoil anisotropies of H atoms resulting from photolysis of jet-cooled adenine molecules ͑i.e., predominantly the N 9 -H amine tautomer͒ in the wavelength range 280Ͼ phot Ͼ 214 nm. As in the case of indole, 39 we observe H atoms arising from ͑unintended͒ multiphoton excitation processes throughout the entire wavelength range investigated. These processes yield H atoms with broad, unstructured, isotropic recoil velocity distributions that peak at low kinetic energies. As in our previous studies of ͑simpler͒ heteroaromatic systems, 31 we also observe a channel yielding fast H atoms-at phot ഛ 233 nm in this case. The recoil velocity distribution of these fragments is structured-implying that the radical cofragment is formed in selected vibrational states only-and spatially anisotropic. Analogy with the simpler heteroaromatics, taken together with the results of complementary ab initio electronic structure calculations, suggests that these should be regarded as the first direct and unambiguous observations of N 9 -H bond fission following * ← excitation in adenine, with subsequent dissociation via the 1 * / 1 * and 1 * / S 0 CIs en route to H + adeninyl fragments.
EXPERIMENT
H ͑Rydberg͒ atom PTS studies were performed using apparatus and experimental procedures that have been described previously. 35, 39 The studies reported here require the overlap of three laser beams in the center of the interaction volume, where they intercept a skimmed, pulsed, molecular beam of adenine, seeded in argon. Adenine ͑Aldrich, Ͼ98%͒ is a crystalline solid that has to be heated to produce sufficient vapor pressure for these experiments. This was achieved by coupling a modified General Valve series 9 nozzle to a homebuilt oven assembly based loosely on the design of Senkan and Deskin, 45 as shown in Fig. 2 . The oven block and the faceplate that attaches to the front of the nozzle were both constructed from copper. Two glass-to-metal seals ͑Swagelok͒ were fused together to form the intermediate pipe that thermally isolates the hot oven from the nozzle. The whole assembly is held together with M4 stainless steel studding. The extended poppet was constructed from a 2 mm diameter, hollow stainless steel canula, cut to the appropriate length, with an oversized Vespel ͑Dupont͒ poppet attached to the end. The orifice in the nozzle faceplate was opened out to 2.5 mm to allow the shaft of the extended poppet to pass through before the Vespel tip was mounted. The glass tube was bonded to the copper oven and the faceplate with high temperature flexible silicon rubber. Its precise length was not critical, as the spring tensioning facility within the General Valve nozzle design allowed enough adjustment to ensure a good seal between the poppet and the inner surface of the copper oven. Approximately 500 mg of adenine was placed in a recessed grub screw and sealed into the M5 tapped hole in the oven wall. Heating wire was wrapped around the entire oven block, enabling operation at, typically, ϳ220°C ͑measured via a thermocouple in contact with the oven block͒ and with a backing pressure of ϳ700 Torr Ar.
RESULTS

Characterization of the adenine in Ar molecular beam
1 + 1 REMPI spectra were recorded in the wavelength range 274ϽϽ280 nm, both to confirm the presence of the N 9 -H tautomer of adenine in the molecular beam and to search for any contribution from the N 7 -H tautomer. Major features previously attributed 46 to the N 9 -H tautomer at 36 062, 36 105, 36 167, and 36 248 cm −1 were all observed, but no signal was identified at 35 824 cm −1 -the energy of a feature previously identified with the N 7 -H tautomer. Thus we conclude that our beam contains little of the higher energy tautomers of adenine. Time-of-flight ͑TOF͒ mass spectra measured following excitation at the 1 L b ͑ * ← ͒ origin ͑276.96 nm, 36 105 cm −1 ͒ were dominated by an intense parent ion peak at m / z 135. The 121.6 nm Lyman-␣ radiation ͑together with the 364.7 nm photons from which it is derived͒ alone caused negligible ionization under the prevailing experimental conditions, but the combination of photolysis ͑276.96 nm͒ plus probe ͑121.6/ 364.7 nm͒ photons, appropriately overlapped in space and time, gave rise to an additional peak at m / z 1. This H + signal is attributable to threshold ionization of H atoms ͑formed, as we show below, by one or more multiphoton absorption processes͒ by the probe laser. Such REMPI-TOF measurements guided the choice of oven temperature and beam backing pressure reported above, which offered maximal parent ion signal without significant clustering of adenine with Ar, and were used when recording all of the H atom TOF data reported below.
H atom photofragment translational energy spectra
H atom TOF spectra were recorded at 17 wavelengths in the range 280Ͼ phot Ͼ 214 nm ͑from a frequency doubled dye laser͒. Product total kinetic energy release ͑TKER͒ spectra were obtained by rebinning the TOF data using the relationship 
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where m H and m R are the mass of the H atom ͑m H = 1.0079 u͒ and the partner fragment ͑which we assume to be adeninyl, with m R = 134.13 u͒, respectively, d is the length of the flight path, and t is the measured H atom TOF. d was determined, as previously, 47 by recording TOF spectra of H atoms resulting from UV and/or 121.6 nm photolysis of H 2 S, and least squares fitting to well-characterized peaks associated with the various H + SH͑X / A , v , N͒ product channels, using literature values for D 0 ͑H-SH͒ and the diatomic term values. Figure 3 displays three illustrative TKER spectra obtained at phot = 276.96, 250.00, and 234.00 nm with, in each case, the electric vector of the photolysis radiation phot aligned at = 90°to the TOF axis. Typical photolysis pulse energies were in the range of 1 -2 mJ. TKER spectra obtained across the range 280Ͼ phot Ͼ 234 nm all show very similar profiles, comprising a single broad feature peaking at ϳ1800 cm −1 , with a tail extending to much higher energy ͑ϳ15000 cm −1 ͒. This range of phot includes the quasicontinuum associated with excitation to the 1 L b and 1 L a states ͑270-240 nm͒, the 1 L b ← S 0 origin ͑276.96 nm͒, and even wavelengths further to the red ͑280 nm͒ where there is no documented one-photon absorption by jet-cooled adenine molecules. Varying the photolysis laser intensity by defocusing the incident radiation led to reduced signal strengths, but no discernible change in this TKER profile. Neither did changing the orientation of phot relative to the TOF axis. The general form of this profile is characteristic of that observed from a statistical unimolecular decay, 48 with the H atoms arising from dissociation of hot ground state molecules formed following internal conversion from higher excited electronic states. The TOF-mass spectrometry studies ͑above͒ demonstrate the ease with which adenine molecules undergo multiphoton excitation ͑and ionization͒; this observation and the KE of the fastest H atoms in Fig. 3 both indicate that multiphoton processes make major contributions to these TKER spectra. We note that multiphoton dissociations may well yield H atoms in conjunction with fragments other than adeninyl. The TOF to TKER conversion assumed here ͓Eq. ͑1͔͒ will be little affected for two body dissociations-since m R ӷ m H -but will not be correct for any H atoms arising via three body fragmentations. Simply on energetic grounds, any H atoms arising from three body dissociations are likely to have low TKER.
Additional, structured, features are evident in TKER spectra obtained at phot ഛ 233 nm. Figure 4 shows representative spectra recorded at phot = ͑a͒ 233.00 nm, ͑b͒ 226.00 nm, ͑c͒ 222.00 nm, and ͑d͒ 214.00 nm, with phot aligned perpendicular to the TOF axis and with an unfocused photolysis laser beam. This latter detail is unprecedented in our experience with the present H atom PTS apparatus and serves to emphasize both the strength of the UV absorption in adenine and the efficiency of H atom formation. Reinstating the normal ͑75 cm fl͒ focusing lens results in enhanced signal levels but, as Fig. 4͑c͒ illustrates, a reduction in the ratio of "fast" to "background" signal. This observation serves to reinforce our previous assertion that most of the FIG. 4. TKER spectra obtained from H atom TOF spectra recorded with = 90°at phot = ͑a͒ 233.00 nm, ͑b͒ 226.00 nm, ͑c͒ 222.00 nm, and ͑d͒ 214.00 nm. Two spectra are shown in panel ͑c͒. ͑i͒, shown in black, as with the spectra displayed in panels ͑a͒, ͑b͒, and ͑d͒ was obtained with an unfocussed photolysis laser beam, whereas ͑ii͒, in gray, was obtained with a loosely focused ͑75 cm fl͒ photolysis beam. ͑i͒ and ͑ii͒ have been scaled to have an equal intensity at TKER ϳ1800 cm −1 . broad background feature arises from multiphoton excitations. The fast channel first reveals itself at phot = 233 nm, as a single peak with TKER= 8340 cm −1 . The sharp feature remains identifiable throughout the range 233Ͼ phot Ͼ 226 nm, shifting to higher TKER linearly with the increasing photon energy, and additional partially resolved features grow in at slightly lower TKER ͓see Fig. 4͑b͔͒ . Table I lists the internal energies of the five resolvable peaks identified in TKER spectra recorded in this range. Upon reducing phot further, these features appear to coalesce-resulting in an unresolved fast peak with a mean TKERϳ 8400 cm −1 ͓Figs. 4͑c͒ and 4͑d͔͒.
The fast H atom recoil velocity distributions are anisotropic. The single fast peak in the TKER spectrum obtained at phot = 233 nm is clearly discernible above the ͑isotropic͒ background signal under perpendicular ͑ =90°͒ excitation ͓Fig. 4͑a͔͒ but disappears when phot is parallel to the detection axis. As Fig. 5 shows, more complex behavior is observed at phot = 228 nm. = 90°excitation results in a TKER spectrum with a prominent fast peak ͓Fig. 5͑b͔͒, not dissimilar to that observed at phot = 233 nm. This peak disappears in the = 0°spectrum ͓Fig. 5͑c͔͒ but is replaced by another sharp feature ϳ545 cm −1 lower in TKER. Analysis of these spectra, after appropriate normalization by reference to the corresponding spectrum recorded at = 54.7°, 47 enabled determination of the TKER dependence of the anisotropy parameter ␤ ͓Fig. 5͑a͔͒. Clearly these two peaks at the leading edge of the fast component have very different recoil anisotropies. The fact that their ␤ parameters in Fig. 5͑a͒ seem not to approach the limiting ␤ values ͑−1 and +2, respectively͒ is largely attributable to the isotropic background contribution at the relevant TKERs. The broad fast feature centered at ϳ8400 cm −1 in TKER spectra obtained at shorter phot ͓e.g., at 214 nm, Fig. 4͑d͔͒ is relatively more intense in spectra recorded at = 90°; comparing spectra recorded at = 0°, 90°, and 54.7°yields an average value of ␤ ϳ −0.25 for the unresolved fast signal observed at phot = 214 nm.
Many of these findings are reminiscent of behavior observed following UV photoexcitation of pyrroles, [32] [33] [34] [35] [36] [37] [38] imidazole, 40 and indole 39 and, guided by the results from these simpler heteroaromatics, we attribute the fast feature in the present TKER spectra to H atom loss from the N 9 -H azine site and formation of the adeninyl radical in a subset of its available vibrational levels. As in those cases, the narrowness of the peaks implies that the radical cofragments must be formed with little rotational excitation. If we associate the fastest sharp peak in the TKER spectra obtained in the range 233Ͼ phot Ͼ 226 nm with the formation of H + adeninyl͑v =0͒ fragments, its TKER ͑TKER max ͒ allows estimation of the N 9 -H bond dissociation energy, D 0 ͑H-adeninyl͒, via the relation D 0 ͑H-adeninyl͒ = E phot − TKER max = 34 580 ± 50 cm −1 .
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Strictly, this represents an upper limit. More detailed interpretation of these spectra requires wave numbers for the various vibrational modes of the adeninyl radical and additional insights into the excited electronic states of both adenine and the adeninyl radical.
Our previous photofragmentation studies of heteroaromatic molecules found density functional theory ͑DFT͒ at the B3LYP/ 6 -311G͑d , p͒ level a reliable tool for predicting vibrational frequencies/wave numbers of the ground state molecule and, particularly, the radical formed upon X -H bond fission. Calculated wave numbers for the ground state fundamentals of adenine have been reported previously ͑al-beit using a different ͓6 -31G͑d , p͔͒ basis set͒. 49 The present calculations, performed with the GAUSSIAN03 ͑Ref. 50͒ program suite and a 6 -311G͑d , p͒ basis set, reproduced all of these values to within 2.5%. Calculated wave numbers ͑har-monic and anharmonic͒ for the normal modes of vibration of the ground state adeninyl radical are listed in the Supplementary Information accompanying this paper. 51 Before attempting to associate individual wave numbers with intervals found in the TKER spectra ͑Table I͒ it is helpful to gain a clearer understanding of the number and nature of the excited states of adenine sampled by UV photoexcitation. 
Excited states of adenine by time dependent density functional theory "TD-DFT… calculations
Time dependent density functional theory ͑TD-DFT͒ using the HCTH͑407͒ exchange correlation functional has been used in an effort to gain an improved understanding of the dynamics leading to N-H bond fission in adenine. Though this semi-empirical functional does not have the absolute accuracy of ab initio correlated methods ͑e.g., CASPT2 or MRCI-DFT͒, the affordability of such calculations makes them valuable for qualitative investigations. Previous studies 52 have indicated that the HCTH-407 functional is more appropriate than the popular B3LYP functional for excited state calculations, giving a more even handed treatment across the 1 n * , 1 * , and 1 * states. Ground state geometries of the N 9 -H adenine molecule and the adeninyl radical were optimized at the DFT HCTH/ 6-311G + ͑3d ,2p͒ level, and excited state energies were calculated with TD-DFT at these geometries, using the same functional and basis set. The various parent→ radical electronic state correlations were established by comparing the higher occupied and lower virtual molecular orbitals after optimization. In this way it was possible to establish which electronic state correlates diabatically with the ground state radical and which states correlate to excited electronic configurations. Triplet states of the molecule ͑and quartet states of the radical͒ were ignored in these calculations. Single reference DFT methods tend to be reasonably reliable at potential energy minima, when states are well described by one dominant configuration, but less reliable at highly distorted geometries. For simplicity, therefore, the 1 * potential curve was calculated around the ground state equilibrium geometry only, and then fitted to the combination of a Morse and exponential repulsive potential so as to achieve the correct asymptotic correlations and energies.
As Fig. 1 shows, the first five excited singlet states in the vertical Franck-Condon region ͑three 1 n * and two 1 * states͒ are bound with respect to N 9 -H bond extension. The sixth excited singlet state is the lowest 1 * state, which the present calculations find to have a significant 3s Rydberg character ͑localized mainly on N 9 ͒ and to acquire increasing * antibonding character as the N 9 -H bond extends-as predicted by Domcke and co-workers. 12 23 and with the available experimental data. Figure 7 shows the calculated 1 L a ← S 0 and 1 B b ← S 0 transition dipole moments ͑TDMs͒ superimposed on the molecular frame, with their angles quoted relative to both the C 4 -C 5 and the N 9 -H axes. Again, both the present and previous 53, 54 theory and experiment 15 are in reasonable accord. All conclude that the 1 L a ← S 0 TDM is aligned at an angle of ϳ30°to the C 4 -C 5 bond ͑i.e., close to parallel with the N 9 -H bond͒. The present theory orients the 1 B b ← S 0 TDM further from the C 4 -C 5 bond ͑at ϳ−81°, cf. the experimental value of −45°͒; both values are essentially perpendicular to N 9 -H. Also shown in Fig. 6 are the experimental UV absorption spectrum of gas phase adenine 9 and a simulation using the vertical excitation energies and oscillator strengths from a CASPT2 study that included consideration of the 1 B b state. 55 Later CASPT2 calculations 23 are likely to be more accurate but were not extended to sufficiently high energies to include this important state. The CASPT2 excited state energies have each been reduced by 0.3 eV in order to achieve a better match with the experimental spectrum. The three 1 * absorptions have each been modeled by Gaussian functions, centered at the calculated vertical excitation energies, with relative intensities proportional to the calculated oscillator strengths and widths ͑ϳ3200 cm −1 full width at half maximum͒ chosen to give a reasonable match to the experimental spectrum. 9 This simulation suggests that the 1 L a ← S 0 and 1 B b ← S 0 transitions both contribute to parent absorption at ϳ230 nm ͑near the observed long wavelength threshold for forming fast H atoms͒.
DISCUSSION
Theoretical predictions 12, 30 regarding the importance of X -H ͑X = N, O, S, etc.͒ bond fission following direct photoexcitation to, or radiationless transfer to, the lowest lying 1 * state have now been confirmed for a range of heteroaromatic molecules, including pyrrole, imidazole, indole, phenol, etc. 31 Definitive experimental evidence for fragmentation via the corresponding 1 * state in adenine is less clear cut, however. Zierhut et al. 43 have proposed dissociation via the 1 * state to explain H atom Doppler line shapes observed in the 239.5 nm photolysis of adenine, while Stolow and co-workers 27,28 have invoked nuclear motion on the 1 * PES to account for observed differences in the time-resolved photoelectron spectra of adenine and 9-MA following excitation at 267 nm. Neither result appears to be compatible with the present findings, wherein we observe H atom formation at all phot ഛ 280 nm, but only see a fast H atom signal, with signature similar to that observed for other 1 * state induced dissociations, at phot ഛ 233 nm. The form of the H atom TOF ͑and thus TKER͒ spectra observed at longer phot , its isotropy, its sensitivity to the focusing of the photolysis laser radiation, and the complementary TOF-MS data all suggest that multiphoton absorption, IVR, and subsequent unimolecular decay are responsible for most of the H atoms observed under our experimental conditions at all phot .
Only at phot ഛ 233 nm do we observe signal characteristic of a direct H atom loss channel, with sharp peaks at high TKER, and peak dependent recoil anisotropies-implying that the fragmentations responsible for this signal occur on time scales that are fast relative to that for parent rotation. Analogy with previous results for pyrroles, [32] [33] [34] [35] [36] [37] [38] indole, 39 imidazole, 40 and phenol 41 encourages assignment of the peak structure to population of specific vibrational levels of the radical cofragment following, in this case, excitation to two 1 * states and subsequent efficient coupling to the 1 * PES via the respective CIs. Before accepting this interpretation, however, it is prudent to test the data against possible alternative explanations. The observation that different product channels show different recoil anisotropies is particularly noteworthy. As mentioned in the Introduction, adenine can exist in more than one tautomeric form. H + adeninyl product formation from two different tautomers could conceivably account for TKER peaks with different recoil anisotropies. We can reject this suggestion, however, on the basis of the REMPI excitation spectroscopy-which showed no features previously linked with the N 7 -H tautomer-and on the grounds that the energy separations between the TKER peaks of interest ͑a few hundred cm −1 ͒ are significantly smaller than that between the potential minima associated with N 9 -H adenine and the next lowest lying ͑N 7 -H and N 3 -H͒ tautomers ͑ϳ2500 cm −1 ͒. 7 Even within the one tautomer, however, there are both azine ͑N 9 -H͒ and amine ͑N 10 -H͒ bonds. The lowest 1 * PES has a similar topology along both of these coordinates, exhibiting CIs with the lower 1 * , 1 n * , and S 0 potentials en route to products. 29, 42 The respective N-H bond strengths are likely to be similar, and the respective C 5 N 5 H 4 fragments will have similar vibrational frequencies. Further, as Fig. 1 shows, the N 9 -H and N 10 -H bonds have very different orientations in the molecular frame, so a common 1 * excitation followed by prompt dissociation via these two channels could account for H atom product channels with differing recoil anisotropies. The available data do not allow exclusion of such an interpretation, but a number of considerations militate against a model based on just one electronic excitation.
First, the deconvolution of the absorption spectrum presented in Fig. 6 The H + adeninyl fragments observed at highest TKER exhibit perpendicular recoil anisotropy, while the next fastest velocity subgroup ͑with ϳ545 cm −1 less TKER͒ shows predominantly parallel recoil. This difference in TKERs must correspond to the energy difference between two vibrational states of the adeninyl cofragment. Inspection of the calculated fundamental wave numbers 51 encourages assignment of these two peaks to the formation of adeninyl fragments with v = 0 and with v 28 = 1, respectively. Our previous analyses of the product energy disposals accompanying photoinduced H atom loss from pyrrole, imidazole, phenol, etc., 31 provide a rationale for such assignments. The earlier studies distinguished two types of coupling mode. Parent mode v 33 ͑the N 9 -H out-of-plane wagging mode͒-a mode that "disappears," and whose associated vibrational energy decreases ͑to zero͒ during the evolution from parent molecule to H + adeninyl fragments-belongs to one class ͓henceforth labeled as class ͑a͔͒. The other family ͓class ͑b͔͒ contains the various out-of-plane vibrations of the bicyclic backbone of heavy atoms; any such mode will tend to involve similar motions and have similar wave numbers in the parent molecule and in the radical. In either case, symmetry conservation requires that 1 * / 1 * coupling results in the formation of 1 * molecules carrying a quantum of the aЉ coupling vibration. Our previous studies 31, 41 have shown that class ͑b͒ modes are often so decoupled from the dissociation coordinate that they act as 'spectators' during the parent→product evolution. Identification of populated aЉ vibrational states of the products thus provides insight into the parent mode͑s͒ that drives the 1 * / 1 * coupling. Conversely, symmetry dictates that v = 0 products can only be formed if the coupling mode is itself a disappearing mode, or if it can transform into a disappearing mode ͑e.g., by IVR͒ after the parent molecule has transferred to the 1 * PES. The derived internal energies and recoil anisotropies of the H + adeninyl products revealed by TKER spectra recorded at phot ഛ 233 nm can thus be understood as follows: Excitation at wavelengths ϳ230 nm results in population of both the 1 B b and 1 L a states ͑Fig. 6͒. The TKER max peak is attributed to H + adeninyl͑v =0͒ products formed by 1 B b ← S 0 excitation and subsequent N 9 -H bond fission ͑yielding H atoms that recoil preferentially along the axes perpendicular to phot ͒ following fast radiationless transfer via the 1 B b / 1 * CI ͑with disappearing parent mode v 33 as the dominant coupling mode͒. Given this attribution, the peak at E int ϳ 545 cm −1 is then most readily understood in terms of 1 L a ← S 0 excitation, followed by N 9 -H bond fission ͑and H atom recoil along the axes parallel to phot ͒ following radiationless transfer via the 1 L a / 1 * CI-for which parent mode v 30 ͑which correlates with product mode v 28 ͒ is deduced to provide the dominant coupling. These different fates are illustrated via the case ͑a͒ and ͑b͒ "effective" potentials for the 1 * state included in Fig. 6 . The nonobservation of the latter channel ͑with associated parallel recoil anisotropy͒ at phot Ͼ 228 nm may indicate that the 1 L a / 1 * CI lies slightly higher in energy than the 1 B b / 1 * CI. Three other peaks, with higher associated E int values, were identified when exciting at slightly shorter phot ͑Table I͒. These show perpendicular recoil anisotropy, implying that they arise following 1 B b ← S 0 excitation-the relative strength of which is predicted to increase with decreasing phot ͑Fig. 6͒. These can be plausibly assigned by assuming the same ͑disappearing͒ coupling mode, in conjunction with different in-plane ring breathing modes. Franck-Condon activity in modes of this type is not unexpected, given the * ← promotion involved in the 1 B b ← S 0 transition. Neither is the implication that such vibration carries through into the radical fragment, since these modes are essentially orthogonal to the breaking bond. Excitation at yet shorter phot yields an unresolved fast feature, with overall perpendicular recoil anisotropy, which can be understood in terms of 1 B b ← S 0 excitation and eventual population of an increasingly dense array of such product states. The N 9 -H bond strength so derived D 0 ͑H-adeninyl͒ =34 580±50 cm −1 accords well with the value predicted by ab initio theory 29, 42 and is sensibly similar to that of the corresponding N-H bond in imidazole. 40 As Fig. 4 shows, the mean TKER of the fast feature evident at phot ഛ 233 nm is rather insensitive to the precise choice of phot . Such behavior parallels that displayed by all heteroaromatics studied thus far and, as in pyrrole, imidizole, phenol, etc., 31 we associate the mean TKER ͑ϳ8400 cm −1 in this case͒ with the fall in the potential energy of the 1 * PES as R N 9 -H extends from the region of the CIs to the asymptotic limit. This interpretation, which is fully consistent with the two most recent ab initio potentials for N 9 -H bond fission in adenine, 29, 42 serves to emphazise once more the degree of vibrational adiabaticity accompanying X -H bond fission on the 1 * PES in this and all other heteroaromatics studied to date.
CONCLUSIONS
The first high resolution PTS study of H atom fragments resulting from near UV photolysis of jet-cooled adenine molecules is reported, along with supporting REMPI-TOF mass spectrometric measurements and DFT and TD-DFT calculations. H atoms are observed at all phot ഛ 280 nm, even at wavelengths to the red of the longest wavelength 1 n*-S 0 absorption. The H atom KE release spectra are largely insensitive to excitation wavelength at all phot Ͼ 233 nm, displaying broad, isotropic profiles that peak at low TKER ͑ϳ1800 cm −1 ͒. The average translational energy release so derived is broadly consistent with that found in previous analyses of H atom Doppler lineshapes measured following photolysis at 266 nm 43 and at 243.1 nm. 44 The bulk of these H atoms is attributed to multiphoton induced dissociations. Additional fast peaks are observed in TKER spectra obtained in the wavelength range 226 ഛ phot ഛ 233 nm. The measured recoil energies and anisotropies are rationalized in terms of H atom formation in association with adeninyl radicals in their ground electronic state, following excitation to the 1 40 This value, and the deduced release of potential energy as R N 9 -H extends from the region of the 1 B b / 1 * and 1 L a / * CIs to the H + adeninyl͑X͒ asymptote also accord well with recent ab initio predictions. 29, 42 Despite this pleasing consistency, some inconsistencies remain. For example, it is difficult to reconcile the H atom Doppler line shapes reported following adenine photolysis at 239.5 nm 29 with the present findings. The present conclusions also appear incompatible with the excited state photophysics suggested by recent time-resolved photoelectron studies of adenine ͑and 9-MA͒ following excitation at 267 nm. 27, 28 By default, the present findings lend support to more traditional nonradiative decay mechanisms involving 1 * / 1 n * / S 0 interstate couplings, as have been proposed to rationalize other time-resolved photoionization measurements on adenine at this same wavelength. 56, 57 
